Abstract: This paper is devoted to the preparation and characterization of new phenanthroline-triether copolymers with rotaxane architecture by reaction of complexes of α-or β-cyclodextrin and tri(ethylene glycol) ditosylate with 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline, which is large enough to prevent dethreading of cyclodextrin molecules. Comparative 1 H-NMR analysis of tri(ethylene glycol) ditosylate complexes and of rotaxane copolymers evidenced the lower cyclodextrin content in rotaxane copolymers as compared to the calculated values. The rotaxane copolymers present bimodal molecular weight distributions attributed to the separation of the fractions with different content of cyclodextrin threaded on the copolymer chain. As evidenced by thermogravimetric analysis, the rotaxane copolymers show higher thermal stability than its non-complexed homologue.
Introduction
In recent years, a large number of concepts have been disclosed that make use of the noncovalent interactions. Polymers based on these concepts hold promise as a unique class of novel materials. Interlocking molecules, such as rotaxanes, initially gained interest due to their interesting topology and synthetic challenge, but recent efforts have proven that they are useful materials for many important applications [1] [2] [3] . Rotaxane is a molecule that contains a ring (host) surrounding a rod portion (guest) in which the ends are large enough to prevent the ring from slipping off. Polyrotaxanes are constructed by incorporating rotaxane moieties into polymers [4] . According to how the host and guest units are connected, different kinds of polyrotaxanes can be made depending on the location of the rotaxane unit, e.g., main chain polyrotaxanes in which the rotaxane unit is a part of the main chain, and side chain polyrotaxanes, in which the rotaxane unit is a part of the side chain.
Cyclodextrins (CDs) are extensively used as host molecules. Due to their structure and physical properties cyclodextrins are known to form inclusion complexes with a variety of low molecular weight compounds and polymers. The inclusion into cyclodextrin molecules can give beneficial modification of guest molecules, such as solubility and chemical reactivity enhancement. Moreover, the rotaxane architectures can improve the processability of polymers.
Starting from 1967 when Harrison reported the first inclusion complex [5] , large series of pseudo-or polyrotaxanes based on CD molecules threaded on various monomers and polymers were prepared and described [6] . Generally, three main mechanisms are involved in the preparation of rotaxanes: clipping, threading, and slipping [7] .
Phenanthroline and its derivatives are well known for their optical and electron transport properties. The attractive combination of excellent thermal, mechanical and opto-electronic properties of these materials prefigured their use in electronic devices.
The objective of this paper is to prepare and characterize a new host-guest system based on a phenanthroline-triether copolymer. To our best knowledge a phenanthroline triether copolymer having rotaxane architecture in every structural unit has not been reported prior to this work. Moreover, there have been only a few reports on this type of polyrotaxane with other chemical structures [8] [9] [10] [11] .
Results and Discussion
New phenanthroline-triether copolymers without and with rotaxane architecture in the main chain having α-or β-cyclodextrin as macrocyclic compound were prepared. Theoretically, the alternanting polycondensation of tri(ethylene glycol) ditosylate/α-or β-CD complexes with 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline (a bulky group) gives polyrotaxanes containing a blocking group in each structural unit of the main chain. In this system, the macrocyclic rings are fixed between two blocking groups (Scheme 1). In fact, the CD/triethylene glycol ratios calculated from 1 H-NMR spectra of the complexed copolymers are 0.8 and 0.6 for α-and β-CD rotaxanes, respectively. The lower values as compared to tri(ethylene glycol ditosylate) adduct used in the polycondensation reaction should be attributed to the dethreading of CD molecules by the polycondensation reaction and the participation of non-complexed tri(ethylene glycol) ditosylate in the formation of the rotaxane copolymer chain. The higher value of the triether/CD ratio obtained for rotaxane copolymers with α-CD should be attributed to the known higher stability of poly(ethylene glycol) complexes with the lower oligosaccharide homologue. For a better control of the ratio between the polycondensation components, the triether/CD complexes were prepared in the reaction flask and directly submitted to the polycondensation reaction without separation and purification. The polymer without rotaxane architecture was synthesized in the same experimental conditions by using tri(ethylene glycol) ditosylate and 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline.
The rotaxane copolymer showed a marked contrast of its solubility as compared to the copolymer without rotaxane architecture. While the non-complexed copolymer was quickly precipitated in water, the rotaxane copolymer formed only an opalescent mixture in DMF/water mixture and its precipitation occurred in time, after cooling at about 5 0 C.
The structure of the copolymers was proved by 1 H-NMR and IR analysis. Figure 1 presents the 1 H-NMR spectrum of of 2,9-di(p-hydroxyphenyl)-1,10-phenanthroline and of the rotaxane copolymer with β-CD. After reaction with tri(ethylene glycol) ditosylate, the phenolic protons of 2,9-di(p-hydroxyphenyl)-1,10-phenanthroline at 9.88 ppm disappeared and the aromatic protons are more or less shifted. The peak at 4.2 ppm superposed on the signal of OH 6 protons of CD demonstrates the formation of aliphatic-aromatic ether groups. The characteristic resonance peaks of aliphatic ether protons are displaced to lower magnetic field due to their inclusion inside the CD cavity.
Fig. 1.
1 H-NMR (400 MHz, DMSO-d6) spectrum of 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline and of phenanthroline triether copolymer complexed with β-CD.
Infrared spectra (not shown) of the rotaxane copolymers shows specific absorption bands at 3370 cm -1 (OH stretching H-bonded), 2930 cm -1 (OH stretching), 1627 cm -1
(OH bending), 1368 cm -1 (OH deformation), 1243 cm -1 (OH bending), 1156 cm -1 (COC stretching and OH bending), 1079 and 1032 cm -1 (COC stretching) characteristic for CDs. Weak absorbance of the bands found at 1060 and 1250 cm -1 , attributed to the vibrations of C-O-C triether groups allowed the conclusion that the tri(ethylene glycol) unit is included in the inner cavity of CDs. After a second reprecipitation of rotaxane copolymers from DMF solution in water, the intensity of CDs characteristic bands remained unchanged.
Molecular weight
The number-average molecular weight of rotaxane copolymer with β-CD determined by gel permeation chromatography is M n = 19 000, higher than the values for the polymer without rotaxane architecture (Mn about 8 600). The molecular mass distribution of the rotaxane copolymer is bimodal (Figure 2 ) and the polydispersity index is rather high (2.05), denoting the separation on the chromatographic column of species with lower and higher content of CD macrocycles threaded on the copolymer chain. These values have to be taken as indicative only, since calibration with polystyrene may induce questionable results when the polarity and backbone stiffness of the analyzed polymer deviate strongly from those of polystyrene.
Fig. 2. GPC curve of phenanthroline-triether copolymer complexed with β-CD, in DMF.

Thermal properties
The thermal stability of the polymers was investigated by TGA. The weight loss curves for the copolymer and rotaxane copolymer are presented in Figure 3 . Fig. 3 . Thermogravimetric analysis of (1) phenanthroline-triether/β-CD rotaxane copolymer and (2) phenanthroline-triether copolymer without rotaxane architecture, scan rate 10°C/min.
Up to around 170 0 C, both polymers are stable. However, around 6% weight loss for rotaxane copolymer, attributed to the removal of adsorbed water was observed, denoting the higher hydrophilic character of this one as compared to the noncomplexed homologue. The degradation process in air for non-complexed copolymer has three stages, with maxima located at around 170, 250 and 320 0 C. The degradation of the rotaxane copolymer follows the same way but its weight losses are lower due to the protection of the copolymer chain by the macrocycle.
The DSC traces of the copolymer (not shown) do not indicate any evidence of endothermic peaks due to melting or T g transition in the 50-250 0 C interval. However, the rotaxane copolymer containing β-CD molecules exhibits a large endothermic peak with a maximum centred at about 100°C which can be attributed to the removal of adsorbed water (see also TGA analysis). The second run of the rotaxane copolymers (when heating was stopped at 170 0 C) was identical to the first run of the copolymer without rotaxane architecture.
Conclusions
A new phenanthroline-triether copolymer with rotaxane architecture in the main chain having the CD molecules blocked between two bulky groups was successfully synthesized by the polycondensation of 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline with tri(ethylene glycol) ditosylate. However, the CD molecules are not present on every structural unit, due to the decomposition of triether/CD complex during the reaction. The rotaxane copolymer is more hygroscopic and more thermally stable than the non-complexed homologue.
Experimental
Materials α-and β-Cyclodextrin (α-or β-CD) (Fluka), 4-bromoanisole (Aldrich), lithium 98% (sodium content, 0.5 %; Aldrich), MnO 2 (Aldrich), 1,10-phenanthroline monohydrate (Aldrich), tri(ethylene glycol) 99% (Aldrich), tosyl chloride 98% (Aldrich), potassium hydroxide pellets (Acros Organics), K 2 CO 3 (J.T. Baker) were used without further purification. N,N-dimethylformamide (DMF) (Fluka) was dried over CaH 2 and distilled under reduced pressure. Toluene (J.T. Baker) was dried over powdered KOH and filtered before use.
Synthesis of 2,9-di(4-anisyl)-1,10-phenanthroline
2,9-di(4-anisyl)-1,10-phenanthroline was synthesized using the method reported by Gilman et al [12] with modifications. In a 50 mL round bottom flask equipped with a magnetic stirrer, a condenser and an argon inlet were placed 20 mL of dry ether and freshly cut lithium peaces (0.5g, 0.072 mol) at room temperature. To this mixture, 4-bromoanisole (5 g, 0.3 mol) was added in small portions. After addition, the solution was stirred for 5 hours at room temperature and then heated at reflux for 2 more hours. The reaction mixture was then cooled down and filtered under nitrogen protection. The filtrate was added by syringe at room temperature to a suspension of 1,10-phenanthroline monohydrate (4 g, 0.02 mol) in 25 mL of dried toluene over 1 hour at room temperature. The resulting dark red solution was stirred for 48 hours at room temperature, under argon protection; then it was hydrolyzed with 50 mL of water at 0 0 C. The organic layer was extracted with methylene chloride (3 x 100 mL). 
Synthesis of 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline
To 8 mL of technical grade pyridine placed in a 50 mL three-necked round-bottomed flask fitted with a thermometer, a magnetic stirrer and a Dean-Stark trap, HCl (37%, 9.2 mL) was added at room temperature. The solution was heated to remove water until its internal temperature rose to 200 0 C. The system was then cooled to 140 0 C and 2,9-di(4-anisyl)-1,10-phenanthroline (3.1 g, 7.9 mmol) was added as a solid. The yellow mixture was stirred and refluxed for 5 hours at 190 0 C. The hot reaction mixture was then diluted with 10 mL of water and slowly poured into 50 mL of hot water. The resulting suspension was cooled filtered and washed with cold water to give a yellow solid which was suspended in a mixture of ethanol-water (250/85 v/v) and neutralized with a dilute NaOH solution to pH = 7.3. The solution was further diluted with 250 mL of hot water, refrigerated overnight and filtered to afford an ochre solid. Upon vacuum drying at 60 0 C, a bright red solid was obtained (4.8 g, 85% yield).
M.p., 267-267. 
Synthesis of tri(ethylene glycol) ditosylate
Tri(ethylene glycol) ditosylate was synthesized according to the method of Keegstra et al [13] with modifications. Tri(ethylene) glycol (45.05 g, 0.3 mol) was dissolved in THF (150 mL) in a 2 L two-necked round bottomed flask. To this solution was added KOH (51 g, 0.91 mol) dissolved in water (200 mL) and the mixture was mechanically stirred for 2 hours. Tosyl chlorode (116.2 g, 0.61 mol) dissolved in THF (200 mL) was added dropwise over two hours while the solution was vigorously stirred. The mixture was stirred for another 48 hours. After the reaction the product was extracted with methylene chloride (3x200 mL). All the organic phases were combined and the solvent was removed. The resulting light-yellow solid was twice purified by recrystallization from acetone and the product was obtained as a colourless microcrystaline solid powder (82 g, 85.5 % yield). M.p., 79.5-80.7 0 C. 
Synthesis of tri(ethylene glycol) ditosylate/α-or β-CD complexes
Inclusion complexes were prepared by stirring together a mixture of tri(ethylene glycol) ditosylate and α-or β-CD according to a method previously reported [14] . By 1 H NMR analysis inclusion compounds of 2.2/1 units of α-CD/tri(ethylene glycol) ditosylate and 1.6/1 units of β-CD/tri(ethylene glycol) ditosylate were identified.
Synthesis of phenanthroline-triether copolymer
Into a 50 mL three-neck round-bottom flask equipped with a reflux condenser, a gas inlet-outlet, a Dean-Stark trap and a magnetic stirrer, a solution of 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline (0.5 g, 1.37 mmol) in DMF (6 mL) was reacted with K 2 CO 3 (0.209 g, 1.51 mmol) under stirring at 75 0 C for 4 hours. Then tri(ethylene glycol) ditosylate (0.628g, 1.37 mmol) was added and the polycondensation reaction was performed for 3 days at 90 0 C. After cooling to room temperature, the solution was precipitated in water. The solid product was separated by filtration and washed subsequently with water, acetone and toluene (50 mL) and dried. The polycondensation yield was 62.5 %.
Synthesis of phenantroline-triether copolymer with rotaxane architecture
Into a 250 mL one-neck round-bottom flask, equipped with, a gas inlet-outlet, and a magnetic stirrer, tri(ethylene glycol) ditosylate/α-CD (2.46 g) or tri(ethylene glycol) ditosylate/β-CD (2.76 g) complexes were dissolved in 10 mL DMF. 2,9-di(4-hydroxyphenyl)-1,10-phenanthroline (0.365 g, 1.0 mmol), K 2 CO 3 (0.166 g, 1.2 mmol) were then added and the solution was stirred at room temperature under nitrogen atmosphere for 24 hours. The polymerization was continued for 3 days at 90 0 C. The rotaxane solution was cooled to room temperature and precipitated in water, which is a good solvent for the macrocycle but is a non-solvent for the polymer. A turbid solution was obtained and the polymer precipitated in time. The solid product was separated by filtration, washed with cold and hot water and dried. The rotaxane polymer was purified by washing subsequently with toluene and acetone. The polycondensation yield was 36.5%. Characterization 1 H-NMR spectra were obtained using a Bruker Avance 400 DRX spectrometer at 400 MHz using DMSO-d 6 as a solvent. The relative molecular weights were determined by gel permeation chromatography (GPC) using a Polymer Laboratories (PL-EMD England) instrument with an evaporative light scattering detector, polystyrene standards for the calibration and DMF as solvent.
DSC measurements were performed with a Mettler DSC-12E apparatus in air and at a heating rate of 10 0 C/min. Thermogravimetric analysis was performed on MOM (Budapest-Hungary) thermobalance apparatus.
The infrared (IR) spectra were obtained on a SPECORD Carl Zeiss Jena IR spectrometer (KBr pellets). Melting point was measured with a Büchi melting point B-545.
